Non-muscle invasive bladder cancer is treated with intravesical chemotherapy (IVC) after transurethral resection (TUR) to reduce the probability of recurrence. Despite improvement, the recurrence rate remains high. Intravesical chemotherapeutics at high doses are expected to ablate unresected tumors and floating cancer cells after TUR, although the fate of bladder cancer cells exposed to high-dose chemotherapeutics remains unclear. In this study, we utilized cancer tissue-originated spheroids (CTOS) prepared from bladder cancers or patientderived xenografts, which may recapitulate human tumors better than 2-D cultures of established cell lines. We exposed CTOS to 1 mg ⁄ mL of epirubicin (EPI) or mitomycin C (MMC) for 2 h. EPI was promptly and homogeneously distributed into cancer cells in the CTOS. Two hours after exposure to MMC, the mitochondrial membrane potential decreased and the mitochondria were fragmented, while plasma membrane integrity was maintained. ATP levels rapidly decreased in CTOS after exposure to EPI or MMC. Although activation of the apoptotic pathway was confirmed by the advent of cleaved poly (ADP-ribose) polymerase, fragmentation of DNA (a hallmark of apoptosis) was not observed in CTOS after exposure to EPI and MMC. In the CTOS prepared directly from 19 surgical specimens exposed to EPI and MMC, the decrease of ATP levels varied among patients. Further establishment of the test might help the drug selection and the prediction of recurrence for individual patients.
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B
ladder cancer is the sixth most common cancer in the USA: the third in men and the eleventh in women. (1) Approximately 70% of bladder cancers are non-muscle invasive bladder cancer (NMIBC) at the time of initial diagnosis. 2 Although most NMIBC are non-lethal and can be cured by transurethral resection (TUR), approximately half of patients develop intravesical recurrences of NMIBC. The frequent recurrence requires reiterated TUR, which causes additional suffering for patients; in addition, NMIBC has the highest lifetime treatment cost per patient among all cancers. (3) (4) (5) Therefore, many efforts have been made to reduce the likelihood of intravesical recurrence. According to meta-analyses of seven randomized control trials, intravesical chemotherapy (IVC) immediately after TUR significantly decreased the recurrence rate compared with TUR alone. (6, 7) Thus, intravesical chemotherapy after TUR has been implemented in clinical practice. Hypothetically, highdose intravesical chemotherapeutics are expected to ablate unresected tumors and to eliminate floating cancer cells after TUR. (8) (9) (10) (11) Nonetheless, the fate of cancer cells exposed to high-dose chemotherapeutics remains poorly understood.
Anti-cancer therapies, including chemotherapy and radiotherapy, can trigger the death of cancer cells. Thanks to the understanding of the cell death mechanism induced by such therapies, therapies to target the apoptotic machinery are under development. (12) (13) (14) (15) Currently, modes of cell death can be classified into three types according to morphologic and biochemical characteristics: apoptosis, necrosis and autophagy. (12, 13) Each type of cell death involves a variety of molecules and pathways. To improve cancer treatment, it is necessary to know which mode of cell death is associated with a given therapy.
In studies of IVC, apoptotic cell death has been investigated using relatively low chemotherapy doses. (14) (15) (16) (17) Because the mechanisms of cell death are reportedly different at different drug doses, (18, 19) understanding the mode of cell death enacted by high-dose chemotherapeutics is a critical issue. Prior preclinical studies with high-dose IVC have not investigated the mode of cell death in detail. (20, 21) Recently, we developed a novel method for the primary culture of human cancer cells from colorectal, urothelial and lung cancers, which we termed the cancer tissue-originated spheroid (CTOS) method. (22) (23) (24) Using the CTOS method, we prepare cancer cells as multicellular spheroids from clinical specimens, as well as from patient-derived xenotumors. Because CTOS retain the characteristics of the original cancer cells, one can expect that responses of CTOS to chemotherapeutics reflect those of patient tumors better than established cancer cell lines. In addition, culturing cancer cells as spheroids enables us to 3-D expose them to chemotherapeutics, which is supposed to be more physiologically relevant than conventional 2-D culture. Furthermore, we are able to assess individual responses by preparing CTOS from each patient tumor. (22) (23) (24) In this study, we exposed CTOS of bladder cancer to highdose chemotherapeutics to mimic the clinical setting of IVC. We investigated cellular responses in CTOS exposed to the treatment, focusing particularly on the mode of cell death. Finally, by preparing CTOS directly from clinical specimens of bladder cancer, we tested the individual response to highdose chemotherapeutics.
Materials and Methods
Cancer tissue-originated spheroid preparation and culture. The institutional ethics committees at the Osaka Medical Center for Cancer and Cardiovascular Diseases approved the present study. Human bladder tumor specimens were collected from patients treated at the Department of Urology, Osaka Medical Center for Cancer and Cardiovascular Diseases. CTOS were prepared and cultured according to the previously described protocol. (22, 24) Briefly, surgical samples or xenograft tumors from NOD ⁄ SCID mice were partially digested with Liberase DH (Roche, Mannheim, Germany) and filtered through cell strainers. Fragments were collected on 100 or 40-lm cell strainers (BD Falcon, Franklin Lakes, NJ, USA). CTOS were cultured in StemPro hESC human embryonic stem cell culture medium (Invitrogen, Carlsbad, CA, USA). The growth rate was calculated by dividing the area of CTOS at day 4 by that at day 1.
Animal studies. The institutional animal use committee at Osaka Medical Center for Cancer and Cardiovascular Diseases approved the animal study. A bladder cancer-derived xenograft, BC23, was generated using a urothelial cancer specimen from a patient tumor, as described previously. (24) Xenografts were serially passaged by inoculating several hundred CTOS with Matrigel (BD Biosciences, Bedford, MA, USA) subcutaneously at the flank of a 4-week-old male NOD ⁄ SCID mouse (CLEA Japan, Shizuoka, Japan).
Reagents. Epirubicin (EPI) and mitomycin C (MMC) were purchased from Wako Pure Chemical Industries (Tokyo, Japan). DPQ was purchased from Abcam (Cambridge, MA, USA). Cyclosporine A (CsA) was kindly provided by Novartis Pharma K.K. (Tokyo, Japan). Z-VAD-FMK was purchased from Promega (Madison, WI, USA).
ATP measurement after exposure to chemotherapeutics. To measure ATP levels in CTOS exposed to chemotherapeutics, one CTOS was put into a well of a 96-well dish. The chemotherapeutics were dissolved in DMEM ⁄ F12 medium immediately before use. The CTOS were exposed to EPI or MMC at indicated doses for indicated periods. ATP values were measured using CellTiter Glo (Promega) according to the manufacturer's instructions. Relative ATP values were calculated by dividing the actual ATP value by the area of the CTOS and adjusted with respect to the values of a drug-free control. Images of CTOS were taken using an OLIMPUS IX70 microscope (OLUMPUS, Tokyo, Japan). The CTOS area was measured using ImageJ image analysis software (National Institutes of Health, Bethesda, MD, USA).
Detection of intrinsic fluorescence of epirubicin. Intrinsic EPI fluorescence was detected on formalin-fixed and paraffinembedded CTOS sections. After sections were dewaxed and rehydrated, nuclei were counterstained with ProLong Gold Antifade Mountant with DAPI (Molecular Probes, Eugene, OR, USA). Fluorescence images were obtained using an OLIMPUS IX70 microscope.
Morphological analysis with confocal microscopy. For whole mount staining, CTOS were incubated with 1 lg ⁄ mL propidium iodide (PI) (Molecular Probes) or 500 nM MitoTrackerRed CMXRos (Molecular Probes) with 2 lg ⁄ mL Hoechst33342 (Molecular Probes) at 37°C for 15 min. CTOS were washed and mounted with FluorSave Reagent (Calbiochem, San Diego, CA, USA). Fluorescence images were obtained using confocal microscopy (TCS SPE; Leica Microsystems, Wetzlar, Germany). For imaging of mitochondrial morphology, CTOS were dispersed into single cells with 0.25% trypsin ⁄ EDTA (Life Technologies, Carlsbad, CA, USA). Dispersed single cells were incubated with 500 nM MitoTrackerRed CMXRos or MitoDeepRed FM (Molecular Probes) with Hoechst33342 at 37°C for 15 min, and images were captured as described above.
Flow cytometry. The treated CTOS were dissociated into single cells with 0.25% trypsin ⁄ EDTA. To evaluate drug delivery, EPI fluorescence was analyzed. To evaluate the integrity of the plasma cell membrane and mitochondrial membrane potential (Δwm), single cells were incubated with 1 lg ⁄ mL PI or 500 nM MitoTrackerRed CMXRos (Molecular Probes) at 37°C for 15 min without fixation, respectively. Subsequently, flow cytometry was conducted using an Attune Acoustic Focusing Cytometer (Applied Biosystems, Foster City, CA, USA), and the results were analyzed using FlowJo software (Tree Star, Ashland, OR, USA).
Measurement of reactive oxygen species. Cancer tissue-originated spheroids were labeled with 10 lM dichlorofluorescin diacetate (DCFDA) for 30 min and washed with Hank's balanced salt solution. Then, CTOS were cultured in culture medium, with or without MMC or hydrogen peroxide (Wako Pure Chemical Industries), and analyzed with fluorescence microscopy.
Western blot. Cancer tissue-originated spheroid were lysed with cell lysis buffer (10 mM Tris [pH 7.4], 0.15 M NaCl, 1% NP40, 0.25% sodium deoxycholate, 0.05 M NaF, 2 mM EDTA, 0.1% SDS, 2 mM NaVO4, 10 lg ⁄ mL aprotinin, 10 lg ⁄ mL leupeptin and 1 mM PMSF). Western blotting was performed as previously described. (24) Primary antibodies raised against poly (ADP-ribose) polymerase (PARP) were obtained from BD Fig. 2 . Delivery of chemotherapeutic agents into cancer-tissue originated spheroids (CTOS), and plasma membrane integrity of CTOS after exposure to high-dose chemotherapeutics. (a) Intrinsic fluorescence of epirubicin (EPI) (red) was captured on formalin-fixed, paraffin-embedded CTOS sections. CTOS were exposed to EPI (1 mg ⁄ mL) for the indicated time. Nuclei were counterstained with DAPI (blue). Scale bar, 100 lm. (b) Flow cytometric analysis of the intrinsic fluorescence of EPI in CTOS. CTOS were exposed to EPI (1 mg ⁄ mL) for the indicated time. (c, d) Loss of plasma membrane integrity was evaluated by propidium iodide (PI) (red) using fluorescence microscopy (c [scale bar, 100 lm]) and flow cytometry (d). CTOS were exposed to control medium or mitomycin C (MMC) (1 mg ⁄ mL) for 2 h, and were washed and incubated for an additional 48 h.
Biosciences, cleaved caspase-3, caspase-8 and caspase-9 from Cell Signaling Technologies (Danvers, MA, USA), and b-actin from Sigma (Saint Louis, MO, USA), respectively.
Detection of DNA laddering. Four hundred CTOS were treated with 1 mg ⁄ mL or 0.01 mg ⁄ mL EPI or MMC. The CTOS exposed to 1 mg ⁄ mL EPI or MMC were washed after 2 h exposure, and incubated in StemPro hESC. Three days after treatment, CTOS were collected and analyzed to detect DNA laddering using the Apoptotic DNA Ladder Kit (Roche, Mannheim, Germany) according to the manufacturer's protocol. Briefly, the collected CTOS were lysed and the DNA was extracted. The extracted DNA was electrophoresed on a 1% agarose gel. The gel was immersed in 10 mg ⁄ mL ethidium bromide solution for 15 min. The electrophoresed DNA was visualized under UV light.
Statistical analysis. Statistical analysis was conducted using GraphPad Prism 6 (GraphPad Software, San Diego, CA, USA). The R 2 value was calculated to assess the correlation of the results. Data are expressed as mean, SD.
Results
We previously reported the preparation and culture of bladder cancer cells from surgically resected samples based on the CTOS method. (24) Here, we focused on CTOS from TUR samples. CTOS were prepared from 176 TUR samples, including 135 from the previous study. More than 20 CTOSs were obtained from each sample; the success rate of CTOS preparation was better in NMIBC (76.2%) than in MIBC (42.1%) (Fig. 1a) . Low-grade (in pathological findings) and papillary (in cystoscopic appearance) types had better success rates than others. The CTOS from highgrade tumors were irregularly shaped, with a high nucleus-tocytoplasm ratio (Fig. 1b) . In contrast, CTOS from low-grade tumors were round, with a low nucleus-to-cytoplasm ratio. These findings were comparable to the original tumors. There was no correlation between clinicopathological factors and CTOS growth in 14 patient samples examined (Suppl . Table S1 ).
We studied the responses of CTOS to high-dose chemotherapeutics, which are used in IVC for patients with NMIBC after TUR. To provide a reproducible setting, we first analyzed CTOS from a patient-derived xenograft of bladder cancer, BC23. (24) We investigated delivery of EPI into CTOS after exposure to high-dose EPI (1 mg ⁄ mL), which is used in clinical settings. It is clinically recommended that highdose chemotherapeutics be retained for 1-2 h after they are instilled into the patient's bladder. Thus, we conducted a 2-h time-course experiment. We took advantage of the intrinsic fluorescence of EPI to monitor drug delivery. Fluorescence microscopy analysis (Fig. 2a) and flow cytometric analysis (Fig. 2b) revealed that EPI was promptly and homogeneously distributed into the cancer cells comprising CTOS. According to flow cytometric analysis, EPI levels in cancer cells reached a plateau within 1 h. Notably, spheroidal shape was maintained intact even after 2 h exposure to high-dose EPI.
To assess cell fate after exposure to high-dose chemotherapeutics, we examined the integrity of the plasma cell membrane in CTOS after exposure to MMC. CTOS were exposed to high-dose MMC for 2 h, washed and incubated in fresh medium. At 2 h after exposure to MMC, almost no cells exhibited intake of PI (Fig. 2c,d ). Some cells exhibited intake of PI at 24 h after the 2-h exposure to MMC. In contrast, at 48 h all cells had incorporated PI (Fig. 2c,d) . Thus, plasma cell membrane integrity was lost in CTOS late after exposure to high-dose MMC.
Mitochondrial dysfunction plays a pivotal role in mechanisms of cell death, including both apoptosis and necrosis.
(25,26) Therefore, we monitored mitochondrial membrane potential, Δwm, in CTOS before and after exposure to MMC using fluorescence microscopy and flow cytometric analysis. After 2 h exposure to MMC, Δwm in CTOS decreased remarkably (Fig. 3a,b) . Next, we investigated the morphology of mitochondria with a fluorescent probe that stains mitochondria independent of Δwm. Fluorescence microscopy revealed notable mitochondrial fragmentation after 2 h exposure to MMC (Fig. 3c) . Thus, mitochondrial function and morphology were severely impaired after 2 h exposure to high-dose MMC. Because damaged mitochondria can be a source of reactive oxygen species (ROS), which initiate cell death pathways, (25, 28) we assessed ROS levels using the ROS-sensitive dye DCFDA. Basal DCFDA fluorescence was detected in CTOS and enhanced by treatment with hydrogen peroxide (Suppl. Fig.  S1 ). Because basal DCFDA fluorescence was reduced within 5 min after high-dose MMC, it is unlikely that ROS are a cause of mitochondrial damage.
Because a collapse of Δwm can lead to ATP depletion, (27, 29) we measured ATP levels in CTOS after exposure to high-dose chemotherapeutics. The ATP levels in CTOS decreased rapidly after exposure to high-dose EPI and MMC, reaching a nadir within 1 h. At 2 h, ATP levels in EPI-treated and MMC-treated CTOS were approximately 20% and 30% of the levels of nontreated CTOS, respectively, and were reduced in a dose-dependent manner (Fig. 4a,b ). An inhibitor of cyclophilin D, CsA, and an inhibitor of PARP, DPQ, reportedly rescue necrosis by suppressing the ATP decrease caused by oxidative stress (30) and alkylating DNA damage, (31) respectively. Neither CsA nor DPQ rescued the reduction of ATP levels in CTOS caused by exposure to high-dose MMC (Fig. 4c) .
Mitochondrial dysfunction can trigger the apoptotic pathway. Thus, we tested whether the apoptotic pathway was activated after exposure to high-dose chemotherapeutics. Cleaved PARP, a substrate of caspase-3, appeared after 1 h of exposure to high-dose MMC and after 2 h of exposure to EPI; PARP cleavage was inhibited by the caspase inhibitor Z-VAD-FMK (Fig. 5a,d ). In addition to the PARP cleavage, we observed cleaved caspase-3, caspase-8 and caspase-9 after 2 h treatment of MMC, and increase of cleaved caspase-8 by EPI treatment (Suppl. Fig. S2 ). However, 48 h after MMC exposure, the nuclei of cells in the CTOS remained round, without any sign of fragmentation (Fig. 5b,e) . In contrast, when the CTOS were exposed to low-dose MMC (0.01 mg ⁄ mL), cell viability was also completely lost at 72 h after the exposure (Suppl. Fig.  S3 ). In contrast to high-dose MMC, obvious fragmentation of the nuclei was observed in CTOS after exposure to low-dose MMC (0.01 mg ⁄ mL) (Fig. 5b) . DNA laddering was also observed in CTOS after continuous exposure to low-dose MMC or EPI, but not in CTOS at 48 h after a 2-h exposure to high-dose EPI or MMC (Fig. 5c) . Thus, DNA fragmentation, a hallmark of apoptosis, was not observed in CTOS after exposure to high-dose drugs, although the apoptotic pathway was initiated. Because the cell death resulting from high-dose chemotherapeutics was not rescued by Z-VAD-FMK (Fig. 5e) , it was independent of caspase activation.
We used CTOS prepared from primary patient samples to assess individual responses by measuring ATP levels after exposure to high-dose chemotherapy. Figure 6a shows the clinicopathological characteristics of 19 patients from whom CTOS were prepared. The decrease of ATP levels varied among CTOS derived from 19 surgical specimens; it ranged from 22.5% to 83.1% in EPI-treated and from 16.9% to 88.4% in MMC-treated CTOS (Fig. 6b) . The mean reduction of ATP among 19 cases was 47.7% when treated with EPI and 50.6% when treated with MMC; the between-treatment difference was not statistically significant. No association was observed between clinicopathological factors and ATP decrease. There was no correlation in the ATP values between MMC and EPI after 2 h exposure to high-dose chemotherapeutics (Fig. 6c) , although it should be noted that one drug tended to have better effects than the other in some patients. The treatment protocols after TUR are too diverse and the number of patient samples is too small in this study to assess the correlation between the recurrence rate and the ATP decrease.
Discussion
In this study, we investigated the responses of bladder cancer cells to high doses of chemotherapeutics used in clinical IVC. We utilized CTOS, which retain the characteristics of original cancer cells compared with conventional cell lines. (22) (23) (24) As a result, we expected the responses of CTOS to chemotherapeutics to reflect the responses of patient tumors. When CTOS of bladder cancer were exposed to high-dose chemotherapeutics in vitro, cell death was not accompanied by DNA fragmentation, although the apoptotic pathway was activated. Many chemotherapeutics reportedly induce apoptosis, (12, 32) characterized by DNA fragmentation with the activation of caspases. Indeed, we observed typical DNA fragmentation at relatively low chemotherapeutic doses. Thus, the mode of cell death enacted by high-dose chemotherapeutics was not typical apoptosis, indicating that the therapeutic effects of IVC differ from those of systemic chemotherapy.
Other types of programmed cell death include necrosis and autophagy. (12, 33, 34) Programmed necrosis is a defined molecular process distinct from passive necrosis, which is caused by mechanical injury to the cells. (13, 35) Necrosis is morphologically characterized by a lack of DNA fragmentation and swelling of organelles with loss of membrane integrity. (27, 29, (36) (37) (38) Mitochondrial dysfunction is characterized by decreased Δwm directly followed by ATP depletion, which is a key event in programmed necrosis. (27, 29) Thus, some characteristics of the cell death induced by high-dose drugs in this study are compatible with programmed necrosis; however, other characteristics are inconsistent with programmed necrosis. First, Ca 2+ overload and production of ROS are typical inducers of programmed necrosis. (29, 39) ROS levels were decreased in this study. Second, inhibitors of cyclophilin D suppress necrosis by inhibiting the mitochondrial membrane permeability transition and the subsequent Δwm decrease and ATP depletion. (30, 39) Cyclosporin A, an inhibitor of cyclophilin D, suppressed neither ATP depletion nor cell death in this study. Third, alkylating DNA damage agents activate the DNA repair protein PARP, which is followed by depletion of NAD and ATP, and subsequently by necrotic cell death. (31) In addition, release of cytochrome c from mitochondria is observed in the study. Initiation of the apoptotic pathway is compatible with our results, although the PARP inhibitor DPQ failed to suppress ATP depletion or cell death in this study. Taken together, cell death due to high-dose chemotherapeutics shares some of the characteristics of programmed necrosis; however, unknown factors other than ROS, cyclophilin D and PARP must be involved.
The success rate of CTOS preparation from NMIBC was higher than that from MIBC (74.6% vs 42.1%). E-cadherin is required to maintain CTOS derived from human colorectal cancer cells. (22) As NMIBC reportedly expresses higher Ecadherin levels than MIBC, (40) the different rates of success in CTOS preparation might be due to the differences in E-cadherin expression.
We analyzed multiple patient samples to assess variations in the response to high-dose chemotherapy. Burgues et al. (21) used cultured cancer spheroids from clinical samples to examine the effects of high-dose chemotherapy. Using a trypan blue assay, they detected substantial cell death at 2 h. We did not observe clear evidence of increased cell death at that time point. In addition, their spheroids shrunk with time, while CTOS from NMIBC grew well in culture conditions. (24) Suboptimal culture conditions might have caused early cell death in their assay.
We found that the extent to which ATP levels were decreased differed with each drug among patients, and some CTOS exhibited very little decrease of ATP levels. A clinical study must be performed to prove the correlation between decreased ATP levels and recurrence. The assay itself is ready to be applied in a clinical setting. First, CTOS can be prepared quickly from TUR samples of NMIBC. Second, the assay in this study can be performed within 24 h after acquiring surgical samples, so that it meets the necessity of starting IVC within 24 h after TUR. Although a meta-analysis of IVC revealed no difference in the overall incidence of recurrence between drugs, (6) the sensitivity assay using CTOS might help in selecting the more suitable drug for each patient.
Aside from heterogeneous sensitivity between patients, recurrence in the clinical setting after TUR with IVC might be also explained by the implantation of cancer cells into the bladder wall. Indeed, the cells implant and are covered by extracellular matrix within several hours after TUR. (10, (41) (42) (43) This is supported by the fact that IVC is more effective when it is started immediately after TUR. (44) Interactions between cancer cells and the extracellular matrix might also contribute to cell survival. Additional experiments with CTOS will help to elucidate the process.
Supporting Information
Additional supporting information may be found in the online version of this article: Fig. S1 . Levels of reactive oxygen species in cancer-tissue originated spheroids (CTOS) treated with high dose mitomycin C (MMC). Representative images of CTOS exposed to control medium or MMC (1 mg ⁄ mL). CTOS were labeled with a ROS-sensitive dye, DCFDA. CTOS treated with hydrogen peroxide were used as a positive control. DMSO was used as a vehicle control. DCFDA fluorescence was detected at 5 min after the treatments. Scale bar, 200 lm. Fig. S2 . Activation of apoptotic pathways after exposure to high-dose chemotherapeutics. Western blot of cleaved caspase-3, caspase-8 and caspase-9 in cancer-tissue originated spheroids (CTOS) after exposure to mitomycin C (MMC) or EPI (1 mg ⁄ mL) for the indicated time. Fig. S3 . Time course of cell viability in cancer-tissue originated spheroids (CTOS) exposed to low-dose mitomycin C (MMC). ATP levels in CTOS exposed to MMC of 0.01 mg ⁄ mL were measured at the indicated time points. Relative ATP values were calculated by dividing by the initial area of CTOS, and the values relative to the control are shown. Table S1 . Growth rate of cancer-tissue originated spheroids (CTOS) prepared from bladder cancer specimens.
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